A significant reduction of ac losses in twisted Bi(2223) multifilamentary tapes with Ag sheaths has been achieved by using oxide (BaZrO3 and SrZrO3) barriers between filaments. These barriers have two important effects: they increase the transverse resistivity, which suppresses induced coupling currents, and they reduce filament bridging, which in pure Ag sheath tapes largely cancels the beneficial effect of filament twisting. The decoupling can be gauged by the frequency at which loss shows a maximum in a low-amplitude ac field applied perpendicular to the tape. So far, the frequency of the loss maximum,fm , in Ag-sheathed tapes has been enhanced from 5 Hz (untwisted) to 82 Hz (11 mm in twist pitch length). Different ways to introduce oxide barriers in tapes with 19-95 filaments are presented. The critical current density in the filaments varied between 10,000 and 20,000 A/cm2. Ac loss measurements as well as the electrical and mechanical characterization are discussed in detail. The variation of the critical current density with bending strain is shown to be similar to that of tapes without barriers.
INTRODUCTION
Recent achievements on the fabrication of Bi(2223) multifilamentary tapes with high critical current density, both in short and long lengths [1, 2] , have generated a great interest for large-scale applications of high-Tc materials, such as transmission cables, transformers, motors, and generators. Since most applications imply alternating currents and fields, the reduction of the ac losses is an important task. For this reason, much research has been aimed at further development of these materials, with special attention to lowering the ac losses [3] [4] [5] [6] sheath, resulting in important induced currents flowing through the Ag matrix. All the filaments are then electrically coupled together and the multifilamentary tape behaves as a single core tape. In addition, many 2223 grains grow out from the filaments, introducing many superconducting "bridges" between the filaments which directly connect the filaments. To date, many metals and alloys have been investigated as sheath materials in order to replace Ag. Only Mg, Ti, and Au additives to Ag have a relatively low detrimental effect on the properties of the tapes [7, 8] . However, only 2-3 times higher effective resistivity can be reached with these additions, which is insufficient for a substantial lowering of the ac losses. The main reasons for the limited choice of highly resistive sheaths are twofold: (1) of the superconductor; (2) oxygen diffusion. Many modified sheaths slow down the 2223 phase formation and thus enhance the formation of secondary phases, probably due to the problem of oxygen diffusion through the sheaths during high-temperature treatments.
Recently, a new way to increase the resistivity of the sheath and thus to reduce ac losses has been developed by our group [9] , which consists in surrounding each filament with an oxide barrier. By this method, the effective resistivity was increased by a factor of 10, and the frequency fm at which the ac coupling losses show a maximum was shifted from 4.5 to 45 Hz. The importance of further increasingfm is still a major task, because this value has to be shifted as far as possible above the working frequency (e.g., 50 Hz). Moreover, the introduced barrier layer electrically decouples the filaments not only by increasing the resistivity of the matrix but also by avoiding the direct contacts between filaments (bridges). BaZrO3 has been found to be one of the most suitable materials for this purpose, due to its high chemical stability with high-Tc materials [9, 10] and its oxygen permeability during high-temperature treatment. Further enhancement of the sheath resistivity with this material is still to be expected because it is an insulator at 77 K. In this paper, we will present different ways to introduce barrier materials and their effects on the electrical decoupling of the filaments. The optimization of the thermomechanical treatment conditions for increasing jc will also be described. Finally, the characterization of the mechanical and electrical properties of the tapes, as well as the ac losses, will be discussed.
EXPERIMENTAL
Three different ways were used to introduce the oxide barrier into Ag-sheathed Bi(2223) multifilamentary tapes. The first method, as shown in Fig. la , consists of using billets made of two tubes: Ag as the inner one and a selected metal (e.g., Cu or Ni) as the external one. The tube is filled with pre-reacted Bi(2223) powder and deformed to a multifilamentary tape by means of the standard powder-in-tube (PIT) method [11]. The metal layers are then oxidized by a heat treatment at 500-600°C under flowing O2. The final thickness of the oxide layer is controlled by selecting the initial size of the metal tube. The second way consists in preparing Ag-sheathed monocore wires (1 mm in diameter), painting oxide powders on the surface of the wires (see Fig. lb) , and then stacking them into another Ag tube. The last method uses two Ag or Ag alloy tubes with different diameters, the oxide powder being between the two tubes (see Fig. Ic) . The oxide barrier thickness is controlled by varying the tube sizes or the oxide powder initial packing density. Some Ag alloys (e.g., Ag99Ti and Ag98Mg2) were used to replace the external tube with the purpose of obtaining a further enhancement of matrix resistivity. For improving the jc value of the tapes, the mechanical deformation process was carefully optimized. The standard PIT method was modified by using a two-axes rolling technique on a driven turks head [12] . The improvement of the intermediate deformation condition was realized by a new technique [13] , which provides a uniform reduction on the composite tape. The twisting process for a square multifilamentary wire was performed in a novel way: the "square-round-twisting-square" procedure. The details of this technique are described in Sec. 3.3.
The microstructure was investigated by scanning electron microscopy (SEM) and energy disperse Xray analysis (EDX). Tc was identified by means of the ac susceptibility. jc values at 77 K were measured by the four-probe method in applied fields up to 0.8 T using a criterion of 1 juV/cm. For the study of ac losses, two types of measurements were performed. A magnetic ac loss measurement (frequency /= 1-130 Hz, at r=77K) using a double hall sensor method [3] was performed on 3cm long tapes in a sinusoidal external field (H||c) of varying amplitudes applied perpendicular to the tape. This experiment allows access to a wide frequency domain and is well suited for investigating the coupling loss. Another
